Introduction
The Epithelial Na + channel (ENaC)/degenerin family of ion channels comprises among others the degenerins involved in touch sensation, ENaC that plays an important role in Na + balance and blood pressure control, and the acid-sensing ion channels (ASICs) whose functions include pain sensation, the expression of fear and neurodegeneration after ischemic stroke (1) (2) (3) . ENaC/degenerin proteins form Na + -selective channels that share a common subunit organization (4) . Functional ASICs are formed by homo-or heterotrimeric assembly of ASIC subunits 1a, 1b, 2a, 2b and 3. Each subunit consists of a large extracellular domain, two transmembrane helices and short cytoplasmic N-and C-termini. Crystal structures of the transmembrane and extracellular parts of chicken ASIC1 indicated a hand-like shape of the single subunits that are arranged back to back around the central vertical channel axis (5) (6) (7) (8) .
Accordingly, different domains have been named as finger, thumb, knuckle, β-ball and palm, as illustrated in Fig. 1A . Extracellular acidification opens ASICs rapidly but only transiently.
Within hundreds of milliseconds the channels enter the non-conducting desensitized state in the continued presence of the acidic pH. Desensitization protects ASIC-expressing cells from excessive loading with Na + during prolonged stimulation.
The mechanisms of ENaC/degenerin channel gating are currently only incompletely understood. Several studies concluded that protonation of several residues per subunit in the extracellular domains finger, thumb and palm is required for ASIC activation (7, 9, 10) , which involves the opening of the gate located in the transmembrane domain (5, 11) . The palm domain, forming a β strand-rich scaffold along the vertical axis of the protein, is the covalent link between the extracellular and transmembrane domains. In addition, the "β-turn" located in a loop between the thumb and the palm, makes hydrophobic interactions with residues of the outer end of the first transmembrane segment and is critical for relaying protonation of extracellular residues to pore opening (12) . Functional studies with mutations of the palm residue ASIC1a-E418 had suggested that the conformation of the lower palm region may change during desensitization (10) .
In this study we examine the role of the lower palm of ASIC1a and its conformational changes during channel activity. By combining site-directed mutagenesis and chemical modification with functional analysis and molecular dynamics (MD) simulations we show that the lower palm is critically involved in desensitization and we provide evidence that it undergoes a closing movement during desensitization. Substitutions of palm residues affect both the time course of desensitization as well as the stability of the desensitized state.
7 and other reagents were from Sigma, Fluka (Buchs, Switzerland) or Applichem (Darmstadt, Germany).
Results

Palm residues pointing towards the central cavity show a low solvent accessibility in closed channels
The lower palm domain is made up of a β sheet in each subunit. The β sheets of the three subunits are arranged around the central cavity located at ~20 Å above the extracellular end of the transmembrane domain, forming a funnel-like structure (Fig. 1A) . Each β sheet is composed of four β strands with two of them (β9 and β10) stretching the entire length of the palm. β1 and β12 are shorter and are connected by the β1− β2 and β11-β12 linkers to β strands located higher up in the β-ball and the palm, respectively. The side chains of the lower palm β sheets point alternatingly towards the central cavity or towards the outside of the lower palm (Fig. 1A) .
To measure the solvent exposure of lower palm residues, they were mutated individually to
Cys and the mutant channels were exposed to the sulfhydryl reagent MTSET that adds a positively charged group to Cys residues. Extracellular application of this reagent does not affect the function of wild type (WT) ASIC1a (10) . For many mutants the modification by MTSET changed channel function, allowing measurement of the kinetics of sulfhydryl modification, as illustrated for L280C (Fig. 1B) . Exposure of L280C channels to MTSET resulted in the appearance of a sustained current and a moderate increase of the peak current
amplitude. An exponential fit of the time course of the appearance of the sustained current fraction yielded the rate of modification of residue C280 by MTSET (Fig. 1C) . Similarly, MTSET induced various functional changes in other lower palm Cys mutants (Supplemental Table S1 ) allowing the calculation of the rate of modification by MTSET. The MTSET modification rate of closed channels differed importantly between residues (Fig. 1D ). Fig. 1E shows the lower palm region in the structural model of ASIC1a (10) with the palm residues of one subunit colored according to the MTSET reaction rate on their Cys substitution mutants.
The highest reaction rates were measured for residues pointing outwards, most of them located in the lower part of the β sheet (green and orange), followed by outwardly pointing residues of the upper part of β strand 12 and the β11-β12 linker (pink). The residues pointing into the central cavity showed all lower reaction rates, consistent with the lower solvent accessibility predicted from the crystal structure.
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The lower palm domain closes during desensitization
If the lower palm β sheets move towards each other during desensitization, the inwardly pointing residues should be less accessible and therefore their modification rate should be lower in the desensitized than in the closed state. To compare the accessibility of palm residues in the closed and desensitized states we applied MTSET to channels that were in either of these functional states. We lowered the extracellular Ca 2+ concentration without changing the pH to switch from the closed to the desensitized state (19, 20) . By keeping the pH constant we avoided possible artifacts due to the intrinsic pH dependence of the sulfhydryl reaction, unrelated to channel function. Fig. 2A shows the steady-state desensitization (SSDES) curve of the mutant E418C measured either in the presence of 0.1 mM or 2 mM
. The SSDES curve plots the fraction of available channels as a function of the conditioning pH and shows that at pH7.6 the E418C channels were almost completely desensitized in 0.1 mM Ca
2+
, but that no desensitization had occurred in 2 mM Ca 2+ at this pH.
Oocytes expressing E418C were exposed during 2 min at pH7.6 to an MTSET concentration estimated to modify 60-80% of the closed channels, in the presence of either 2 mM (closed channels) or 0.1 mM Ca 2+ (desensitized channels, Fig. 2B ). After this 2-min exposure and subsequent current measurement, the closed channels were exposed during 3 min to 1 mM , Fig. 2B ). The fractional modification of E418C and other lower palm mutants is plotted for closed and desensitized channels in Fig. 2C . The fractional modification by MTSET was reduced by desensitization in all residues tested that point towards the central cavity (blue in Fig. 2D ). The modification of some of the outwardly pointing residues was state-independent (orange). The D78C and to a stronger extent the Y417C mutant -both pointing outwards -were more rapidly modified in the desensitized state, suggesting that these residues (green) are less exposed in the closed state than they appear in the desensitized crystal structure. These observations strongly suggest that the lower palm undergoes a closing movement during desensitization.
The movement of the lower palm determines the desensitization kinetics
We observed that substitution of almost any of the lower palm residues affected the pH dependence of steady-state desensitization, the direct transition from the closed to the desensitized state at pH slightly below physiological values (Supplemental Table S2 ). This 9 illustrates the central role of the lower palm in desensitization. The pH dependence of activation was affected to a lesser extent (Supplemental Table S2 ). To examine the desensitization from open channels we measured the kinetics of the decay phase of the macroscopic currents. The V414C mutant desensitized with slower kinetics than the WT, and desensitization was further slowed after MTSET modification ( Figure 3A) . Similarly, the N416C mutant displayed slowed desensitization kinetics after MTSET exposure. The time constants of desensitization obtained from single exponential fits to the decaying phase of the current are plotted in Figure 3B for different other mutants. Modification of residues in the β11-β12 linker, as well as a "belt" of residues in the center of β9, β10 and β12 affected openchannel desensitization ( Figure 3C ). Substitution of two outward facing residues accelerated desensitization. For most residues the substitution by Cys still allowed normal desensitization kinetics and a slowing or acceleration was only observed after MTSET modification (* in Figure 3C ).
Under a stimulation of pH≤6 the open-channel desensitization kinetics of WT ASIC1a and most mutants were pH-independent (Fig. 3D ). Interestingly, a pH dependence was uncovered in some mutants, with a striking acceleration of open-channel desensitization at more acidic pH for N416C-MTSET and Q278C-MTSET, and a slowing at acidic pH for Q278C (Fig. 3D ).
The residue N416 is located at the upper end of β strand 12. In the desensitized structure its side chain points outward and forms hydrogen bonds with the β1-β2 linker ( Fig. 3E-F (5)). We carried out MD simulations based on the desensitized structure with the N416R mutant, which is chemically similar to the MTSET-modified N416C. In the adopted desensitized conformation the R416 side chain points diagonally outward, oriented towards β9 and making hydrogen bonds with the β1-β2 linker and with side chains of other palm residues such as E413 and E277 (Fig. 3G ). This orientation towards β9 in the mutant as opposed to the orientation towards the side of β1 in WT is likely due to sterical constraints and to hydrogen bond formation with other palm residues. Moving from the orientation Alternatively, the slowing of the current decay phase observed in several mutants might reflect slowing of channel opening. However, the opening time constant at pH5 of MTSETmodified V414C and N416C, measured from outside-out patches was not different from that of WT (5.2 ± 1.5 and 4.4 ± 1.6 ms, respectively, compared to 4.1 ± 1.0 ms, n=3), excluding this possibility.
Substitution of distinct lower palm residues impairs desensitization
Wild type hASIC1a currents desensitize completely during the acidic stimulation, resulting in a sustained/peak current ratio (I sust /I peak ) of < 0.01 (Fig. 3A) . For some residues in the lower palm domain, substitution resulted in the appearance of a non-desensitizing (sustained) current ( Fig. 4A-B ). In these channels the desensitized state is less stable than in WT, and channels can switch between the open and the desensitized state during the acidic stimulation leading to the observed I sust . Substitution of the residues Q276 and Q278 of β9, L415 of the β11-β12 linker, and a belt of hydrophobic residues of the β sheet pointing towards the central vestibule (L77, I420, L280) destabilized the desensitized state (Fig. 4C ). L415C showed a small, rapidly desensitizing peak, followed by a slowly developing sustained current ( To determine for five selected residues the properties of the side chains that were important for desensitization, Cys mutants were exposed to the negatively charged MTSES or the nonpolar DMBE-MTS, and in addition mutations to Arg were made. I420 appeared to be able to accommodate many different types of side chains without a change in I sust , except for the positively charged MTSET (Fig. 4D ). Mutation to Arg, which was made to mimic the Cys-MTSET side chain although being smaller, induced in all mutants an I sust . The I sust fraction of Arg mutants was however in most mutants smaller than in the Cys-MTSET substitution. For L77, Q276, L280 and L415 the size of the engineered side chain was as important as its charge, since modification by MTSET and DMBE-MTS gave similar I sust fractions (Fig. 4D ).
Mutations impair desensitization by changing the conformation of the lower palm domain
To determine the structural changes underlying the increased I sust we carried out MD simulations with ASIC1 WT and with the mutants L77R, Q276R, L280R and L415R. L415, Q276R led in addition to a narrowing of the central cavity. Q276 and L280 are located close to the edges of the β sheets and point towards neighboring β sheets, as illustrated in a schematic view from the bottom of the palm (Fig. 5C ). L77 in contrast points towards the center. A side view of the palm illustrates that L77 sits at the bottom of the central cavity, contributing to the observed constriction, and L280 as well as Q276 are located higher up (Fig.   5D , view from inside of the palm). The "opening" of the palm induced by the L280R mutation is illustrated by the aligned structures of WT and the L280R mutant in side view and from the bottom (Fig. 5E-F ). In the MD simulation this conformational change was asymmetrical, moving mostly the subunit A outwardly (Fig. 5F , Supplemental Figs. S1C-D & S2). Inspection of the palm conformation at the end of the MD simulations showed that in the three mutants the acidic residues E79 and E418 were important for accommodating the introduced basic side chain. The L280R side chains were arranged horizontally, pointing towards the two Glu residues of a neighboring subunit and thereby pushing the palm open (Fig. 5G) . A basic side chain on the same subunit, R371, prevented R280 from folding upwards. The R77 side chains were oriented vertically, interacting with Glu residues of the same subunit (mostly E418, Fig. 5H ). This placement of the side chains led to a narrowing of the lower part of the central vestibule. The Q276 side chain was in the WT in close proximity of the Glu residues of the same subunit, and of R371 of a neighboring subunit (Fig. 5D ). The engineered Arg at position 276 formed a salt-bridge with the Glu residues of the same subunit, pointing more downward than in the WT (Fig. 5I) . As a result of the competition of R276
interacting with E79, and of the electrostatic repulsion, the neighboring R371 pointed upward, 
Structural changes induced by the L415R mutation
L415 is positioned on the β11-β12 linker, next to N416 that co-determines the kinetics of desensitization (Fig. 3) . Its side chain orientation changes by almost 180° between the open and the desensitized state ( (5), Fig. 6A ). L415 is located close to a subunit interface and makes hydrophobic interactions with residues of the β9 and β10 strands of the neighboring subunits and to a smaller extent with the β11-β12 and β1-β2 linker of the same subunit (Fig.   6B ). In the simulation of the L415R mutant, in two out of three subunits, the R415 side chain pointed towards the neighboring subunit where it interacted with E254 of the β-ball (Fig. 6C ).
The R371 residue of the neighboring subunit pointed downward, coming close to E418 and N416, and not to E413 as in the WT. In the third subunit the R415 side chain pointed not to the neighboring subunit, but downwards, pushing the own β1 strand down and outward ( 
Conformational changes in the lower palm during desensitization
The MTSET modification rate of engineered Cys residues in the palm measured on closed These studies highlighted the importance of these two linkers for channel desensitization, and their requirement of free movement for proper function. In our study, substitutions of N416 slowed desensitization, which was however complete at the end of the acidic stimulation. In MD simulations the N416R mutant adopted a conformation of the R416 side chain that required a larger conformational change for desensitization to occur than in the WT. The charge and the increased size of the mutant side chain likely slowed this movement further down, limiting the kinetics of desensitization.
Effects of desensitization mutations on palm conformation
The appearance of a sustained current after substitution of palm residues supports the important role of the palm domain in desensitization. In these mutants the increased hydrophilicity and size of the side chain caused the disruption of normal desensitization.
MD simulations based on the desensitized structure showed that mutations that disrupted desensitization moved the palm away from the WT conformation. The L280R mutation 
Desensitization as a conserved feature in ENaC/degenerin channels
Other ENaC/degenerin channels than ASICs have been shown to desensitize or to display a transition similar to desensitization. ENaC is regulated by Na + self-inhibition in a similar way as protons induce desensitization in ASICs (27, 28). The degenerin current induced by a constant mechanical force is transient (1) . FMRFamide-gated Na + channels which are members of the ENaC/degenerin channel family also display a desensitizing current (29). The palm is together with the β-ball the most highly conserved domain between ASICs and ENaC (30). Together this suggests that the palm may have a conserved role in desensitization or desensitization-like mechanisms in ENaC/degenerin channels.
Conclusion
The palm domain is involved in linking the pH sensors to the ASIC channel gate. We show here that the lower palm controls desensitization. Upon extracellular acidification the lower palm β sheets undergo a closing movement that stabilizes the desensitized state. For complete and stable desensitization, the lower palm domains must be able to complete the closing Table S1 for conditions. Mutants are indicated in the color of their orientation, red (inward facing), blue (outward), black (others).
The bars are colored as indicated in E. E, Graphical interpretation of data, showing the residues on one of the three subunits, colored according to the MTSET reaction rate on the Cys mutant. E, pH dependence of I sust of L415 substitutions, n=3-39; F, pH dependence of activation of L415 substitutions, n=4-39. In all structural images the numbering of residues is according to human ASIC1a. T75C  L77C  E79C  Q276C  Q278C  L280C  Y282C  L369C  R371C  E413C  V414C  E418C  I420C  V74C  K76C  D78C  V80C  R279C  I281C  T370C  N416C  Y417C  T419C  E421C  Q422C MTSET pH5 
